In this study, glass-fiber, grafted by epoxideterminated hyperbranched polymer (GF-HBPE), was incorporated into epoxy resins for reinforcement purpose. The effects of GF-HBPE content on mechanical properties of the resulting epoxy-based composites, such as tensile strength, percentage elongation at break, flexural strength, and impact strength, were investigated. The experimental results revealed that GF-HBPE substantially outperformed impact resistance in both tensile and flexural tests. For instance, the tensile strength, percentage elongation at break, flexural strength, and impact strength of the epoxy composite with 1 wt% GF-HBPE increase by about 23.6%, 125%, 26%, and 74.5%, respectively, compared to the unmodified epoxy thermoset.
Introduction
Epoxy composite is one of the most common polymer-based composites that is being used in increasing quantities in aerospace, aircraft, wind turbine, automobile, boat, and mechanical and electronic applications [1, 2] owing to their unique properties, such as high thermal stability and low thermal expansivity, good dimensional stability, great modulus, low density, low creep, low dielectric constant, ease of processability, excellent flexible and tensile strength, and relatively low costs [3] [4] [5] .
Over the past two decades or more, there have been numerous reports about fiber-reinforced epoxy composites (FRECs) for improving the mechanical properties and comparisons with the non-reinforced or pristine material counterparts [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The mechanical properties of FRECs are dependent on the mechanical properties of matrix polymer, the ability of fiber, and the strength of interfacial regions between polymer matrix and fibers [20, 21] . Sufficient bonding at the interfaces is required to ensure effective load transmission from the matrix to the fibers [5] . Tehrani et al. [16] investigated the effect of adding multi-walled carbon nanotubes (MWCNTs) to the epoxy matrix of a carbon fiber (SF) reinforced composite and showed that the mechanical properties could be favorably improved. Dong et al. [22] designed a kind of CNT organization form of continuous networks to optimize CNT dispersion state in fiber/epoxy composite and demonstrated that the continuous and porous CNT networks could be assembled in fiber fabric and preserved in composites. Li et al. [23] revealed that the interface and interfacial fracture energy of resin composite with CF, after hygrothermal treatment, could not recover to the level of composite with raw dry fiber, which was assigned to the silicon element on the CF. Liu et al. [24] supported that poly(phthalazinone ether ketone) (PPEK) could be used to size CF without a reduction on the tensile strength, and CF sized by the thermoplastic sizing agent performed better interfacial adhesion. Qi et al. [25] calculated the fiber/matrix interfacial strength in the transverse fiber bundle (TFB) composite and suggested that interfacial debonding was the dominated failure mechanism in the TFB test. Rahmanian et al. [13] evaluated the synergy effects of CNTs and short CFs in the epoxy matrix and demonstrated that the elastic and storage modulus, strength, and impact resistance of the multiscale composites were significantly improved in comparison with CNTs-epoxy or CFs-epoxy composites.
Although the incorporation of fibers into resin matrix offers several advantages over the non-reinforced materials, the notable disadvantage of fiber is its weak interaction with resin matrix [10, 15, [26] [27] [28] . Mercerization and silanized treatments [29] , alkaline treatment [15, 30] , hygrothermal treatment [23] , potassium permanganate treatment [31] , and CNTs graft and deposition [20, 22, 27, 32, 33] methods were used to overcome this birth defect of fiber. Improvement of interfacial adhesion between fiber and epoxy matrix through these above methods has not translated directly into sufficient bonding at the interfaces and resulted in favorable mechanical properties. Therefore, research in this area is still in progress.
Hyperbranched polymers (HBPs) are an important area of dendritic polymers, given their potential use in a number of applications such as coating, environment, gene, drug carrier, photosensitive material, printing and dyeing, and nanomaterial owing to their high density and versatile terminal groups, low melting point and viscosity, unique spherical structure, and different phase separation behaviors from linear polymers [34] . A favorable advantage of HBPs is the high density of functional terminal/end groups, which can enhance the compatibility between HBPs and other polymeric matrixes [35] [36] [37] . Of course, HBPs can be used as toughener in epoxy resin thermosets [35] [36] [37] . Here we evaluate the glass-fibers that are grafted by epoxide group terminal HBP on the effect of mechanical properties of epoxy composites, discussing the results from tensile, flexural, and impact tests.
In our former works, we reported the improvement of impact resistance of epoxy thermosets/composites with hydroxyl and amino terminated HBP and core-shell particles [35, [37] [38] [39] [40] . Although the impact resistance was enhanced, other mechanical properties such as tensile strength, percentage elongation at break, and flexural strength were not improved but were even decreased. Recently, glass-fiber was grafted by amino and hydroxyl terminated HBP and used as modifier for epoxy resin [41] . Because the strong polarity of epoxide and excellent compatibility between HBP and epoxy matrix, the aim of this current research was to improve the mechanical properties of epoxy composites with glass-fiber grown by epoxide terminated hyperbranched (HBPE). Glassfiber was first hydroxylated and silanized by coupling agent and then grown by epoxide-terminated HBP. Then GF-HBPE was incorporated into epoxy resin. The results of tensile, flexural, and impact tests of epoxy composites were discussed.
Materials and methods

Materials
Diglycidyl ether of bisphenol A epoxy resin E51 was purchased from Hangzhou Wuhuigang Adhesive Co., Ltd., Hangzhou, China, which had an epoxide equivalent of 185-208 g/eq. Polyamide 650, with amino value of 220 ± 20 mgKOH/g, was supplied by Wuxi Resin Factory, Wuxi, China. Glass-fibers with an average length of 30 μm and diameter of 10 μm were supplied by Corker Co., Ltd, Taikang, China. Toluene was obtained from Nanjing Chemical Reagent Co., Ltd, Nanjing, China. γ-Aminopropyl triethoxysilane (γ-APS, KH-550) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Tetrabutyl ammonium bromide was purchased from Shanghai Dibai Chemical Reagent Co., Ltd. Shanghai, China. N,N-dimethylacetamide (DMA), epichlorohydrin (ECH), succinic anhydride, and diethanolamine were purchased from Chengdu KeLong Chemical Reagent Company, Chengdu, China. Unless especially mentioned, all reagents were of analytic grade and used as received.
Fabrication of glass-fiber with epoxideterminated HBP (GF-HBPE)
The typical process is described as follows: 0.5 g of GFs was added into a 25-ml three-neck round-bottom flask with 5 ml of H 2 O 2 and refluxed at 105°C for 4 h under magnetic stirring. The fibers were recovered by centrifugation at 5000 rpm for 10 min and washed with deionized water three times. After being dried under vacuum at 80°C for 12 h, the fibers were added into 5 ml of toluene and sonicated for 30 min, and then 0.25 g of γ-aminopropyl triethoxysilane was added and the mixture was heated to 80°C for 24 h under nitrogen flow and magnetic stirring. The products were recovered by centrifugation at 5000 rpm for 10 min and washed with toluene water three times and dried under vacuum at 80°C for 12 h. The products were named as silane-functionalized GFs. Then 1.0 g of silane-functionalized GFs was added into the mixture of 1.57 g of succinic anhydride and 1.50 g of diethanolamine, in a 25-ml three-necked round-bottomed flask and stirred for 30 min. The mixture was heated to 70°C and stirred for 4 h. After that, the melting mixture was heated to 120°C and kept under stirring for 6 h. After that, the initial product was dried under vacuum at 80°C for 12 h to eliminate the water formed. Then the dried GF, 3.0 g of ECH, and tetrabutyl ammonium bromide were charged, respectively, in a three-necked round-bottomed flask equipped with stirrer, cooler, and thermometer, respectively. The temperature was raised to 110°C and stirred for 5 h, and then the excessive ECH was removed under a pressure of 3-5 mm Hg at 120°C for 10 min. After that, the temperature was decreased to 25°C and the resulting products were dissolved in DMA to eliminate the indiscerptible materials and dried under vacuum at 80°C for 24 h [42, 43] .
Preparation of epoxy/GF-HBPE composites
For the preparation of epoxy-based composites, GF or GF-HBPE/epoxy = 0-5 wt% was mixed with epoxy resins, which was preheated to 60°C and sonicated for 10 min. Then polyamide 650 (epoxy/polyamide 650, 1:1.2 wt/wt), which was also pre-heated up to 60°C, was added, and the resulting mixture was also stirred for 10 min. Finally, the formulations were poured into stainless steel templates (also pre-heated to 60°C) and cured at 60°C for 48 h in an oven.
Characterization
Fourier transform infrared spectroscopy (FTIR) spectra were conducted with a Tensor 37 instrument (Germany, Bruker) at a resolution of 4 cm −1 and within the range of 400-4000 cm −1 by attenuated total reflection infrared spectroscopy. 1 H NMR spectrum was performed on an AVANCE III 500 NMR spectrometer (Switzerland, Bruker) with deuterated dimethyl sulfoxide (DMSO-d 6 ) as the solvent at 293 K. Fifty milligrams of CSPs was added into a 5-ml beaker with 1 ml of DMSO-d 6 under magnetic stirring at 300 rpm for 2 h. Then the mixture was centrifuged at 9000 rpm for 10 min. The supernatant liquid was used for 1 H NMR spectrum. A SHIMADZU DTG 60 simultaneous measuring instrument (Japan, SHIMADZU) from 30 to 800°C at a heating rate of 20°C min −1 was used to evaluate the thermo-gravity (TGA) of the GFs before and after surface modification. Tensile tests were performed on dog-bone-shaped type according to GB/T 2567-2008 with a SHIMADZU AG-X plus test machine. The flexural strength was characterized by an UTM4000 electromechanical universal testing machine (China, SANS) according to GB/T 2567-2008 at room temperature of dimensions 80 × 15 × 4 mm with a loading rate of 2 mm/min. Un-notched Izod tests were performed on a ZBC-50 impact tester (China, SANS). All mechanical properties were performed according to GB/T 2567-2008 of a thickness of 4 mm and a width of 10 mm. All of the presented results were an average of five specimens. FESEM was recorded using a Hitachi SU8000 field-emission scanning electron microscope (Japan, Hitachi).
Results and discussion
Characterization of GF-HBPE
ATR-IR spectra can provide information about the chemical structure of samples. The ATR-IR spectrum of GF-HBPE is listed in Figure 1 
The
1 H NMR spectrum of GF-HBPE, as shown in Figure 2 , can provide more detailed evidence to prove the successful growing of HBPE on the surface of silanefunctionalized GFs. As can be seen in Figure 2, (Figure 1) of HBPE. Figure 3 shows the TGA curves of silanized GF and GF-HBPE measured under N 2 . The temperatures for 5% and 10 wt% weight losses (T 5% and T 10% ) of the silanized GF are 103.8 and 223.2°C, respectively. And the final weight loss is 33.7% at 800°C, which is attributed to the moisture and the decomposition of γ-APS, while the T 5% and T 10% values of GF-HBPE are 222.8 and 314.4°C, respectively. The high weight loss of GF-HBPE in low temperature may be due to the hygroscopicity of HBPE. Moreover, the GF-HBPE has a higher weight loss (47.6%) than that of the silanized GFs at 800°C. The present hydrocarbon chain in the HBPE frameworks leads to being less stable than silanized under high temperature. The TGA confirms the HBPE molecules being successfully grown to the surface of the silane-functionalized GF. Figure 4 shows the surface characterizations of the pristine and silanized GFs. The surfaces of pristine GFs are smooth, and the average diameter is about 8-10 μm ( Figure 4A) . However, the surfaces of the silanized GFs, which are shown in Figure 4B , are rough due to the grafting of γ-APS. The thickness of the grafting γ-APS is about 2 μm, which is calculated from the insetting image in Figure 4B . 
Morphologies of epoxy/GF-HBPE composites
The FESEM images of the surface of GF-HBPE and the impact fracture surfaces of the unmodified epoxy thermoset and epoxy composites with 1 wt% GF-HBPE are shown in Figure 5 . The GF-HBPE is coated by HBPE in a thin layer and has a rough surface ( Figure 5A ). The functional group in the framework of HBPE can react with the epoxy matrix and then improve the mechanical properties of epoxy/ GF-HBPE composites. The rough surface of GF-HBPE can enhance the friction between GF-HBPE and epoxy matrix and thus also improve the mechanical properties of epoxy/ GF-HBPE composites. It can be seen in Figure 5B that the fracture surface of the unmodified epoxy thermoset is relatively smooth and glassy, shows a typical morphology of a brittle thermoset, and results to poor resistance to crack propagation and uninterrupted crack propagation path under impaction. The fracture surfaces of the epoxy composite with 1 wt% GF-HBPE, which are shown in Figure 5C and D, present considerable differences in comparison to the unmodified epoxy thermoset; the surface of the composite is rough. Moreover, the fracture surfaces of the composite have more shearing deformation than that of the unmodified epoxy thermoset. This may demonstrate the favorable compatibility between GF-HBPE and epoxy matrix, and the GF-HBPE and epoxy matrix experience interfacial adhesion due to the grown of HBPE on the surface of silanized GF [12] .
Mechanical properties of epoxy/GF-HBPE composites
The influence of GF-HBPE content on the mechanical properties is investigated by discussing the results from the tensile, flexural, and impact tests. The mechanical properties of composites with different amounts of silanized GFs are also tested for comparison. The tensile strength of epoxy composites as function of GF/GF-HBPE content is shown in Figure 6 . On the one hand, the tensile strength of composite with different amount of GF decreases with increment of GF except the formulation with 1 wt% GF. On the other hand, the incorporation of GF-HBPH can almost slightly enhance the tensile strength of composites. For instance, the tensile strength of the composite with 1 wt% GF-HBPE increases by about 23.6% than that of the unmodified epoxy thermoset.
The percentage elongations at break of epoxy composites as function of GF-HBPE content are shown in Figure 7 . It can be observed that the percentage elongation at break of the composite is independent on the content of GF. In contrast, the percentage elongations of the composites with GF-HBPE are all higher than that of the unmodified epoxy thermoset. The percentage elongation at break of the formulation with 1 wt% GH-HBPE increases by about 125%. The flexural strength of epoxy composites with different content of GF/GF-HBPE is illustrated in Figure 8 . The incorporation of GF just slightly increases the flexural strength, and then the value is lower than the unmodified epoxy thermoset when the content of GF is higher than 2 wt%. The decrease of flexural strength is attributed to the weak bonding between GF and epoxy matrix and also the aggregation of GFs. It is interesting to observe that the addition of a slight content of GF-HBPE, such as 1 wt%, can favorably enhance the flexural value, increasing by about 26% than that of the unmodified epoxy thermoset. However, the increment decreases when the GF-HBPE content is higher than 1 wt%, which may be due to the aggregation of GF-HBPE. Figure 9 presents the impact strength of epoxy composites with different content of GF/GF-HBPE. The impact strength decreases with increasing the GF content. Generally, the impact strength is more sensitive to the weak compatibility between GF and epoxy matrix than other mechanical properties. The impact testing process is almost instantaneous. The enhancement of GF on impact strength of epoxy composite is even to the point of negligible due to the weak interface adhesive strength of GF and epoxy matrix. It can be seen on Figure 9 that the value increases sharply from 7.667 KJ/m 2 for the unmodified epoxy thermoset to 13.375 KJ/m 2 for the formulation with 1 wt% GF-HBPE; after that, the trend alters and impact strength decreases to 10.123 KJ/m 2 for the composite with 4 wt% GF-HBPE. It also can be observed that the impact strength of composite with 5 wt% GF-HBPE is lower than that of the unmodified epoxy thermoset.
On the whole, a slight addition of GF-HBPE can favorably increase the mechanical properties of epoxybased composites. For instance, the tensile strength, elongation, flexural strength, and impact strength of the composite with 1 wt% GF-HBPE increase by about 23.6%, 125%, 26%, and 74.5%, compared to the unmodified epoxy thermoset, respectively. The strength polarity of the epoxide of HBPE, which is grown on the surface of GF, is attributed to the increment of the mechanical properties of epoxy/GH-HBPE composite. Firstly, the incorporation of GF-HBPE can modify the network of epoxy composite due to the excellent compatibility between GF-HBPE and epoxy unites [41] . Secondly, the dispersion strengthened effect of GF-HBPE can enhance the mechanical properties owing to the good dispersion of GF-HBPE in epoxy matrixes [12] . Lastly, the bridging effect of glassfiber is also an enhanced mechanism [45] . However, the mechanical properties decrease when GF-HBPE content is higher than a certain threshold due to its aggregation. The enhancements are offset by negative effect, which is caused by the aggregation of GF-HBPE. So there is no obvious change in mechanical properties when GF-HBPE content is higher than a threshold.
Conclusions
Glass-fiber (GF) was first hydroxylated and silane-functionalized, and then epoxide-terminated HBPs (HBPE) were grown on their surfaces. The GF-HBPE was incorporated into epoxy resin to fabricate epoxy-based composites. And the effect of GF-HBPE on the mechanical properties of epoxy composites was investigated, discussing the results from tensile, flexural, and impact tests. For comparison, the influence of silanized GFs on the mechanical properties of epoxy composites was also studied.
The results indicated that a slight addition of GF-HBPE can substantially improve the mechanical properties of epoxy composites. For instance, the tensile strength, percentage elongation at break, flexural strength, and impact strength are increased from 37.69 MPa, 2.43%, 70.78 MPa, and 7.667 KJ/m 2 for the unmodified epoxy thermoset to 46.58 MPa, 5.47%, 89.16 MPa, and 13.375 KJ/m 2 for the epoxy composite with 1 wt% GF-HBPE, respectively.
Acknowledgments:
The authors gratefully acknowledge the funds from the National Natural Science Foundation of China (51603179, 51402251, 51578289, 51572234, and 51502259), the joint research fund between Collaborative Innovation Center for Ecological Building Materials and Environmental Protection Equipments and Key Laboratory for Advanced Technology in Environmental Protection of Jiangsu Province (CP201506 and GX2015107), the Top-notch Academic Programs Project of Jiangsu Higher Education Institutions (PPZY2015A025), and the Natural science fund of Jiangsu Province (BK20130428).
